Abstract: Spectroscopic ellipsometry (SE) is a powerful technique for the characterization of materials, which is able to probe in a sensitive way their nanostructure as well as to get rich information about their dielectric properties, through the interaction of polarized light with matter. In the present trend of developing functional advanced materials of increasing complexity for a wide range of technological applications, works involving SE have flourished and have been reported in an increasing number of articles, reviews, and books. In this context, the aim of this paper is to provide for those among material scientists who are not SE specialists, a concise and updated overview of the capabilities of SE for the characterization of the so-called nano-and metamaterials, especially those presenting active functionalities. Key aspects for a reliable material characterization by SE are given: choice of the setup and measurement conditions, measurement accuracy, definition of a model, sensitivity to parameters. Also, very recent works involving SE are highlighted, especially those dealing with the development of building block materials for optimized or active plasmonics applications, the still ongoing exploration of small-size effects on the dielectric response of matter, the characterization of metamaterials, and the design of detectors with improved accuracy based on coupling of the phase sensitivity of SE with metamaterials engineering.
Introduction
Since the first experiments involving polarized light in the 19th century [1] , advances in the field of instrumentation, data acquisition, and analysis have allowed the development of the spectroscopic ellipsometry (SE) technique as it is known today. Many books and reviews (such as those of Azzam and Bashara [2] , Tompkins and Irene [3] , Fujiwara [4] ), Losurdo et al. [5] , Oates et al. [6] , Losurdo and Hingerl [7] ) are devoted to SE and its applications. In this context of plenty of already published material, the aim of this article is to provide for those among material scientists who are not SE specialists, a concise and updated overview of the capabilities of SE. Also, it highlights very recent works involving this technique for the characterization of nano-or metamaterials, whose interaction with electromagnetic waves would be sensitive to external physical parameters such as temperature, chemical environment, etc. Such so-called active materials are of important interest in many fields of applied physics, such as, optical data recording, switching, smart window design, or sensing. A special emphasis will be made on materials for active plasmonics, as they are at the focus of very trendy research topics [8, 9] . Also, a critical discussion on the use of SE for the exploration of small-size effects on the dielectric function of matter will be proposed.
SE is based on the measurement of changes in the polarization of electromagnetic waves upon interaction with the probed material. Standard SE measurements involve an incident beam of linearly polarized radiation, usually described in terms of its s and p components (perpendicular and parallel to the plane of incidence, respectively) (see Figure 1A) . The amplitude and phase of these two components are changed upon reflection, possibly in a different way. Consequently, the (specularly) reflected beam may present an elliptic polarization state, which is to be analyzed (thus, the term "ellipsometry" -note that ellipsometry can also be performed with transmitted light; this case will not be considered in the present article). In the simplest case of a compositionally homogeneous (i.e., monophase, nonporous) semi-infinite material with isotropic dielectric properties and a perfectly flat interface with the external medium (usually air), an incident s-polarized (p-polarized) beam remains s-polarized (p-polarized) upon reflection. The interaction of the probe beam with this material is thus fully described by the complex Fresnel reflection coefficients, r p and r s . r p (r s ) links the amplitude and phase of the p-polarized (s-polarized) reflected wave to those of the incident p-polarized (s-polarized) wave. The measured quantity is usually the ratio r p /r s , which is generally expressed as a function of Ψ and Δ that carry the amplitude and phase information, respectively. These two so-called ellipsometric angles are analytically related to the real (ε 1 ) and imaginary (ε 2 ) part of the material's dielectric function ε (or in other words, to its refractive index n and extinction coefficient k), which can therefore be determined from a single ellipsometry measurement at oblique incidence. As measurements are usually performed at several wavelengths in vacuum λ 0 A B Figure 1 Ellipsometry and its spectral range. (A) Schematic representation of a typical spectroscopic ellipsometry configuration (in reflection); the angle of incidence θ i and azimuth ϕ i are depicted, as well as the phase shift δ between the s-and p-components of the electromagnetic wave induced by reflection on the substrate. The plane of incidence is the plane of the paper (B). Schematic representation of the electromagnetic spectrum, together with the typical spectral ranges accessible using the different types of spectroscopic ellipsometry setups.
(or energies E), thus permitting to obtain ε(λ 0 ) (or ε(E)), ellipsometry is denoted as "spectroscopic."
Nowadays, SE measurements can be performed from the vacuum ultraviolet (VUV) to the THz. Evaluation of the dielectric function of a material in such a broad spectral range allows to probe its electronic structure as well as vibrational modes. Besides, although most SE measurements involve macroscopic beams, ellipsometric imaging with microscale resolution can be performed on several setups, and proof-of-concept of nanoscale ellipsometric imaging has been reported. The potential of SE for covering a broad spectral range and allowing measurements with a fine spatial in-plane resolution is evoked in Section 2.
As materials are generally not homogeneous, isotropic, and semi-infinite with a perfectly flat interface with the exterior medium, SE can be used for getting information about the heterogeneity, anisotropy, roughness, and thickness of the probed material. However, a reliable extraction of such information requires adequate SE setup and measurement conditions to be chosen and a sufficient measurement accuracy to be achieved. In addition, this information can generally not be determined directly from the measurement but requires to model and fit the data and to evaluate the sensitivity of the measured data to the parameters to be extracted. For these reasons, SE is a setup-dependent and model-dependent technique, requiring the user to be sufficiently trained, both from the experimental and theoretical points of views. These aspects are highlighted in Section 3.
As said above, although materials can be fabricated to behave as semi-infinite (or bulk) in regard to the incoming waves (no radiation reaches their back face), in many cases, they are produced as thin films in which back reflections of waves may come into play. There are plenty of published works devoted to the SE characterization of materials under the form of bulk or thin films. In Section 4, very recent works that deal with SE as a monitoring tool for the optimization of bulk or thin film building block materials (metals, metal-based nitrides) aiming at plasmonic applications will be highlighted. Then, the importance of SE in the characterization of building block materials for active plasmonics (electrochromic materials, phase-transition materials) will be highlighted.
Section 5 is devoted to ultrathin films, which represent the limit of thin films in the low thickness (of a few nm) regime. Two cases will be distinguished: i) continuous films presenting dielectric properties different from those of their bulk or thicker counteparts due to confinement effects; ii) granular films, consisting of separated nanostructures (NSs), which thus present effective dielectric properties driven by the size, morphology, organization of the NSs, and their individual dielectric response.
It is well known that the individual dielectric response of NSs can be different from that of their bulk counterpart, due to small-size induced effects. The determination of the dielectric function of NSs, such as nanoparticles (NPs), nevertheless, remains an open field of research. Section 6 thus highlights recent SE works aiming at the determination of the dielectric function of Si NPs embedded in transparent thin film matrices. It is highlighted that efforts for the development of tailor-made materials and proper theoretical modeling are still needed for a reliable and accurate extraction of the response of semiconductor or metal NPs from macroscopic measurements on such composite media.
Section 7 deals with recent successful attempts of SE characterization on metamaterials. Such materials are designed artificially by arranging nanoscale building blocks, in order to generate original effects such as birefringence or dichroism, optical magnetism, or negative refraction. However, their characterization by SE is a quite complex task that requires adequate measurements and modeling. SE measurements are nondestructive, noncontact, and can be realized in situ, thus permitting to track the evolution of the material's response as a function of externally tuned parameters, such as temperature, magnetic field, chemical environment. Also, they are generally self-referenced (i.e., no reference measurement of the radiation source intensity is required), thus allowing to perform intensity fluctuation-free measurements. Last but not the least, as they carry phase information, they allow a particular accuracy that has sustained the development of SE-based surface plasmon resonance sensors. Recently, and as explained in Section 7, coupling SE with plasmonic metamaterials has opened the way to the development of ultrasensitive nanostructured detectors.
2 From the vacuum ultraviolet to the terahertz, toward nanoscale ellipsometric imaging
Wide spectral range accessible by spectroscopic ellipsometry measurements
SE is used as a measurement tool in the near-ultraviolet (UV) to near-infrared (IR) range for the characterization of a broad range of materials. Measurements in the vacuum UV [10, 11] and in a broad spectral range in the IR [12] [13] [14] [15] have also been made possible either using "home-built" or commercial setups. More recently and although still being in its infancy, THz SE [16, 17] has already provided promising results. Performing measurements of a material's dielectric function ε (assuming the most simple case of a compositionally homogeneous and isotropic medium) in such a broad spectral range from the vacuum UV to the THz (see Figure 1B) yields rich information about the material's electronic structure. For instance, measurements in the vacuum UV are suitable for probing the band-gap region of wide band-gap semiconductors; interband transitions in metals can be observed in the UV, visible, or IR depending on the material, whereas the contribution of free charge carriers, if sizeable in the visible for metals like Ag or Au, must be sought further toward the THz in materials presenting extremely low free-charge carrier densities. Besides, phonons can also be revealed [4, 12, 18] in the IR, as well as their coupling with electronic excitations (for instance, phonon-plasmon coupling [18] ). Many more excitations can be probed, such as polarons [12] and plasmarons [19] .
Imaging ellipsometry: down to a nanoscale resolution
In addition to its use for extracting spectral information, SE gives access to the value of nanoscale parameters, such as the thickness of thin films, possibly with a precision at the ångström level or the dimension of nanostructures. These values are traditionally obtained from measurements performed with macroscopic beams and require adequate data modeling, as it will be detailed in the following sections. Besides, efforts have been made in order to reduce the beam dimensions so that a precise imaging of the samples could be realized. Spot sizes in the visible can now be reduced from a few millimeters to less than 100 of micrometers. In that way, ellipsometric micro-imaging has been achieved. Moreover, a few demonstrations of ellipsometry measurements with subwavelength lateral resolution have been reported [20, 21] . In the so-called near-field ellipsometry setups, transparent films presenting a rough surface, containing near-surface embedded NPs, or consisting of a multiphase material are illuminated through a transparent substrate, in a total internal reflection configuration [20] or traditional [21] configuration. An atomic force microscopy metal coated tip is scanned over the film surface, and the perturbation of the ellipsometric signal due to tip-induced scattering of light with modified polarization is recorded as a function of the tip location.
3 Key aspects for a reliable spectroscopic ellipsometry analysis: setup, measurement conditions and accuracy, modeling, sensitivity to parameters SE is suitable for providing much more information than the dielectric function of homogeneous isotropic bulk materials. In fact, it can be employed for the characterization of a wide range of materials, ranging from isotropic homogeneous thin films to complex metamaterials displaying biaxial effective anisotropy, optical magnetism, or chirality. Such characterization, however, requires to choose adequately the SE setup and measurement conditions, as well as to fit simulated data to the measured ones using meaningful models or numerical methods. In the following subsections, insights into these aspects are given for different kinds of samples.
Standard SE: materials with diagonal Jones matrix
Near UV-to-near IR SE measurements are routinely performed on flat, isotropic, and homogeneous thin films deposited on an opaque, flat, isotropic, and homogeneous substrate in order to evaluate their thickness and dielectric function ε. The overall response of this kind of sample is described at each wavelength by a 2*2 Jones matrix that links the complex s-polarized and p-polarized components of the reflected electric field to those of the incident field. This matrix is diagonal with elements r p and r s ; i.e., a purely s-polarized (p-polarized) incident wave remains s-polarized (p-polarized) after reflection. As explained in Section 1, standard SE measurements allow to determine the wavelength-dependent ratio ρ = r p /r s between the diagonal elements of the Jones matrix, usually represented by the ellipsometric angles Δ and Ψ. The determination scheme of these two angles is based on measurements of the reflected intensity for several orientations of polarizing elements (in the plane of polarization) placed before and after the sample. More details about the Δ and Ψ determination scheme are given in ref. [4] in relation with many available SE setups. The spectral measurements are usually performed at several angles of incidence θ i (see Figure 1A ) in order to increase the ratio between the number of experimental data and the number of parameters to be evaluated at each wavelength. This evaluation is based on the fitting of simulated Δ and Ψ spectra (or of the related r p /r s ratio) to the measured ones. Calculation of these spectra is performed during the fitting procedure through the derivation of the wavelength-dependent Jones matrix of the sample in the 2*2 Abelès multilayer matrix formalism, using the film thickness and dielectric function as adjustable parameters, the substrate dielectric function being fixed at his known value. Spectral fitting can be performed wavelength-by-wavelength or using a physically meaningful mathematical model for the wavelength dependence of ε, thus, potentially reducing the number of parameters and possibly imposing Kramers-Krönig consistency for ε. The same procedure can be applied to multilayer thin films based on flat, isotropic, and homogeneous layers or to homogeneous uniaxial anisotropic layers (whose dielectric response is described by a tensor, [ε]) with their optical axis perpendicular to the sample surface (see refs. [2] [3] [4] for more details).
Generalized SE: materials with nondiagonal Jones matrix
Uniaxial anisotropic materials (bulk or thin layers with flat interfaces) with their optical axis tilted from the sample's normal are described at each wavelength by a nondiagonal Jones matrix, whose extradiagonal terms, r ps and r sp , account for p-to-s and s-to-p polarization conversion. Generalized SE measurements consist in the determination of these extradiagonal terms in addition to the diagonal ones denoted as r pp and r ss , usually through the measurement of six independent parameters: Ψ pp and Δ pp , Ψ ps and Δ ps , Ψ sp and Δ sp . These parameters account for the amplitude and phase of the ρ pp = r pp /r ss , ρ ps = r ps /r ss , and ρ sp = r sp /r ss ratios, respectively. In order to determine the values of these parameters at a given wavelength, measurements are usually performed at several angles of incidence θ i and azimuths ϕ i (see Figure 1A) . Calculations of the Jones matrix during the fitting procedure are done using the 4*4 Berreman multilayer matrix formalism [4, 22, 23] , using the layers' thickness and dielectric tensor as adjustable parameters. Such approach is also valid for biaxial materials. SE on materials with nondiagonal Jones matrix is referred as "generalized" [2] . Note that anisotropy can be intrinsic to the material or induced by an external excitation. For instance, when an isotropic conducting material (initially described by a dielectric function ε) is placed in a constant magnetic field, its dielectric response can be turned anisotropic (i.e., it is described by a tensor [ε] ). This is known as the "optical Hall effect" [24, 25] . Measuring the magnetic field-induced dielectric anisotropy of the material allows a noncontact determination of the free-carrier effective mass and (in principle) type [18, 24] .
Effective medium modeling of rough interfaces and nanostructured media
Up to now, only bulk homogeneous materials with smooth surfaces and thin films with flat interfaces have been evoked. However, materials presenting rough interfaces, or containing NSs such as NPs or nanorods, are frequently encountered. Provided the characteristic dimensions of such heterogeneities can be neglected versus the wavelength of the probing radiation, the effective medium approximation is usually made [4, 6, 26] . For instance, a (weakly) rough interface or a NPs:matrix composite film are often considered as an equivalent homogeneous thin layer with an effective dielectric function ε eff or tensor [ε eff ]. Fitting to the measured spectra (still involving the Abelès or Berreman multilayer approaches) gives access to the effective dielectric response of the layer, from which nanostructural information can be extracted provided an adequate effective medium model is used.
Depolarization and Mueller matrix SE
Surface/interface roughness or other heterogeneities at the wavelength scale [27] , thickness inhomogeneity [28] , detection of radiation reflected (incoherently) from the backside of a thick transparent substrate [27, 29] , noncollimated beam, may induce depolarization of the measured reflected beam. Depolarizing samples cannot be described in the Jones formalism; instead, they require the measurement of, at least, part of the (real) 4*4 Mueller matrix that links the Stokes vector of the reflected beam to that of the incident beam [4] . In the Stokes formalism, the polarization state of light is decomposed on the basis of linearly and circularly polarized components in the plane of polarization: four linearly polarized components along the x and y axes and tilted at +45° and -45° from these axes and two circularly polarized components with a right and left rotation. The four elements S i of the Stokes vector of a beam are obtained from the intensities of its linearly and circularly polarized components, following: S 0 = I x +I y , S 1 = I x -I y , S 2 = I +45 -I -45 , and S 3 = I R -I L . The Stokes vector is suitable for the description of fully polarized light or partially polarized light. In the latter case, the degree d of polarization is given by = + + s (S S S ) /S . Therefore, using Mueller matrix SE, depolarization can be measured and seen as additional information about the sample (note that Mueller matrix SE, as a more general measurement route than the Jones formalism-based SE, is of course suitable to the case of less-complex nondepolarizing samples). Nevertheless, the simultaneous presence of roughness with other depolarization sources may induce a loss of depolarization information [27] , in case of significant roughness-induced diffuse scattering of the electromagnetic radiation (which is not collected by the detector in usual SE measurements that involve a specular/θ-2θ geometry). A more complete characterization of samples presenting diffuse scattering requires performing scatterometry measurements.
Optically magnetic and chiral metamaterials
The development of nanofabrication techniques in the last decades have permitted to design artificial materials (among the so-called metamaterials [30] ) based on 2D arrays of sub-wavelength scale structures whose interaction with electromagnetic radiation involves crosscoupling between electric/electric displacement and magnetic/magnetic induction fields [31] . In this case, if the material can be considered as an effective medium, its electromagnetic properties shall be described by several tensors: dielectric permittivity [ε eff ], magnetic permeability [μ eff ], chirality [γ eff ] and [ζ eff ], which have to be retrieved from fitting of the measured SE data (using the Berreman multilayer matrix formalism). Also, it has been suggested that Mueller matrix SE on an effective medium material displaying optical magnetism (i.e., with a nonzero magnetic permeability tensor) is required for separating the magnetic and dielectric contributions to its effective response and recording necessary information for evidencing negative refraction [32] . Note that the effective medium description of metamaterials (and of rough surfaces) is not always legitimate, as evoked in Section 7.
In such a case, meaningful fitting of the measured data requires going beyond the multilayer matrix formalisms cited above. In this context, numerical calculations (such as finite difference time domain or rigorous coupled-wave approximation) that take into account accurately the material's structure become necessary tools.
Choosing an adequate setup and measurement conditions, using meaningful models
Many commercial and "home-built" SE setups exist, whose configuration dictates the type of measurements that can be performed (spectral and angular range, measurement of the Jones matrix or Mueller matrix, acquisition time and implementation for in situ experiments, imaging capability). For a detailed description of the capabilities of the different ellipsometry setups, see ref. [4] . Much can already be done with a desktop near UV-to-near IR Polarizer-Sample-Rotating Analyzer spectroscopic ellipsometer (almost the simplest setup), which allows generalized SE measurements [22] . At the other extremity, ultrafast realtime measurements of the complete Mueller matrix in the visible can be done using a multichannel Polarizer-rotating Compensator Sample-rotating Compensator-Analyzer setup [33] . Therefore, the setup must be chosen according to the type of sample and properties to be characterized. Also, the choice of measurement conditions (angle and medium of incidence, azimuth, substrate, spectral range) is important as sensitivity of the SE measurement to a given unknown parameter may be weak or even zero in some conditions and strong in others. As a first simple example, the thickness of a thin film cannot be determined in a spectral region where it is absorbing enough so that electromagnetic waves do not reach the interface with the substrate (thicknesses superior to 1000 nm in Figure 2A ). As a second example, standard SE measurements on a uniaxial non-absorbing bulk material with its optical axis perpendicular to the (flat) surface present a relatively low sensitivity to the material's extraordinary refractive index n e . Figure 2B shows the evolution of Ψ as a function of the angle of incidence θ i for different values of n e , the ordinary refractive index n o being fixed at 1.8. An index contrast Δn = n o -n e = 0.1 leads to a variation of the Brewster angle θ B and Ψ of around 1° when compared to the isotropic case (Δn = 0). The precision limit for θ and Ψ measurements on current commercial measurements is in the range of 0.01°, thus allowing the detection of a very weak anisotropy. Nevertheless, it is worth noting that, the lower the index contrast, the higher must be the accuracy of the ellipsometer calibration, alignment, and the lower the noise level, so that the Δn value could be determined in a reliable way. Alternatively, in the case of uniaxial bulk non-absorbing crystals, the sensitivity to the extraordinary refractive index can be enhanced by realizing generalized SE measurements on a cleaved crystal, so that its optical axis is tilted away from the normal to the surface [22] . For absorbing uniaxial thin films, increasing the sensitivity to the out-of-plane dielectric function can be done upon coupling and extracting the polarized light through a prism [34] . Third, in the case where the values of several parameters are unknown, their precise determination may be complicated due to correlation between them, as it is the A B C Figure 2 Some examples of spectroscopic ellipsometry analysisparameter sensitivity and correlation between parameters. (A) Ellipsometric angles versus the thickness t of a thin film (n = 1.6, k = 0.3) on a Si substrate, at an incident angle θ i = 75° and a wavelength in vacuum λ 0 of 800 nm. (B) Ψ versus θ i for an isotropic crystal (n = 1.8, k = 0, black curve), a uniaxial crystal with its optical axis normal to the surface (n o = 1.8, n e = 1.7, k = 0 -brown curve; n o = 1.8, n e = 1.6, k = 0 -orange curve). The Ψ difference between the uniaxial and isotropic crystals is less than 1° for an index contrast n o -n e of 0.1. (C) Spectra of the ellipsometric angles of an ultrathin film on Si for different values of θ i , with n = 1.8, k = 0 and t = 2.5 nm (dashed line) and with n = 1.218, k = 0 and t = 5 nm. The curves present similar structures thus evidencing the n-t parameter correlation. Nevertheless, for well-chosen angle of incidence and spectral range, significant differences between the two curves can be seen, as shown in the inset that displays the Δ spectra at θ i = 75° in the 1.1 eV-1.3 eV range. Also shown are spectra of bare bulk Si, in order to evidence the strong sensitivity of Δ to the presence of a transparent ultrathin film.
case for ultrathin transparent films, for which several combinations of thickness and refractive index may yield reasonable fits of the experimental data [35] . Indeed, as shown in Figure 2C , Ψ and Δ spectra presenting similar structures are obtained with two couples of (n,t) values (n = 1.8, t = 2.5 nm; n = 1.25, t = 5 nm) for a transparent ultrathin film deposited on a Si substrate. Nevertheless, as seen in the inset of the same figure, the two (n,t) couples yield a significantly different ellipsometric response in some spectral regions and at specific angles of incidence. Therefore, in order to determine the values of (n,t), the prior task consists of searching for measurement conditions for which the coupling between the parameters is minimized. In addition, it is necessary to evaluate the sensitivity of the ellipsometric spectra to the different parameters, which has to be compared with the measurement accuracy. In the case where the variation of a given parameter does not induce changes in the ellipsometric spectra above the measurement error, its evaluation makes no sense. In this context, modern commercial ellipsometry analysis/fitting software allow to realize parameter-sensitivity or parameter-correlation tests that can be of great help for choosing suitable measurement conditions and performing a reliable data analysis. Nevertheless, as the first task of such analysis is the definition of a model for the studied sample, the training and critical mind of the user are primordial for obtaining meaningful results. The user must be aware of the fundamental aspects of ellipsometry and of physical criteria so that he can decide if mathematically correct solutions are reliable or not. Also, note that usual commercial ellipsometry analysis software is based on multilayer matrix calculations and effective medium approximations. Therefore, in the case of materials for which it is not legitimate to use these theoretical formalisms, external simulation codes have to be used. Also, depending on the complexity of the problem, the user may also decide to characterize the samples using other techniques in order to determine the value of some unknown parameters.
Determining the dielectric function of bulk-or thin film-building block materials for optimized or active plasmonic devices
The development of plasmonic devices requires to elaborate tailor-made NSs (NPs, nanorods, nanostripes, thin films, perforated thin films) whose plasmonic behavior can be tuned through the control of their size, morphology, or organization. Nevertheless, the tunability range of plasmonic effects is defined by the dielectric function of the material ε the NSs are built from. Therefore, choosing a suitable building block material for the NSs is the first issue that has to be tackled prior to the development of a plasmonic device. During a long time, plasmonics has been mostly related with Ag and Au and consequently mainly limited to the near UV-to-near IR spectral range.
Nevertheless, more recently, the explosion of "generalized plasmonics" has stimulated the search of alternative building block materials [8, 36] that could overcome (or at least compete with) Au and Ag for plasmonic applications in the near UV-to-near IR region, allow plasmonic effects in a wider spectral range (from the VUV to the THz), or present active plasmonic functionalities, i.e. that can be modulated for instance by heating/cooling, optical or magnetic excitation. The key information required for determining the possibilities offered by a given building block material is contained in the real and imaginary part of its dielectric function that must present negative values of ε 1 and values of ε 2 compatible with the desired plasmonic property (excitation of surface plasmon polaritons (SPP), localized surface plasmon resonance (LSPR)-induced absorption or field enhancement, LSPR refractive index sensing). Particularly desired materials are those with low losses, i.e., which present a low or even zero [37] value of ε 2 .
The dielectric function of a given building block material depend on the fabrication conditions. This is true even in the case of the broadly studied Ag and Au, whose crystallinity, purity, porosity, or roughness depend on the fabrication process, thus, making the properties of the obtained material depart from those of its perfect crystal counterpart. Evaluation of the dielectric response of Ag, Au, and the many other possible building block materials for plasmonics obtained using given fabrication conditions is the key to the design of novel or optimized plasmonic devices. As plasmonic NSs are often obtained by combining lithography and thin film deposition techniques, great attention has been given to the characterization by SE of building block materials for plasmonics under the form of thin films. Also, due to its capability for in situ measurements, SE has been frequently used for the characterization of temperature-sensitive materials and particularly for the study of the phase transition-induced changes in their dielectric function. Such changes are indeed desired for the development of temperature-sensitive, active plasmonic devices.
Optimizing the properties of building block materials for plasmonic applications
The potential of a broad range of metals, alloys, intermetallics, and some liquid metals for plasmonic applications has been reviewed recently by Blaber et al. [38] , based on dielectric functions taken from the literature and not necessarily measured by SE. Among them, the dielectric properties of Au and Ag have been studied early by optical means -mainly by traditional reflectance or transmittance measurements and scarcely by SE (see refs. [39] and [40] for recent reviews of papers devoted to these two metals) -and the trends of their dielectric functions are now well known.
Interband transitions are excited in the UV for Ag and up to visible wavelengths for Au. For wavelengths their respective interband threshold, both behave as Drude-like metals with a negative ε 1 and a reasonably low ε 2 , so that moderately lossy plasmonic properties can be expected in the whole visible range for Ag and in part of the visible range for Au. It is a fact that the fabrication conditions of these two metals affect their crystallinity, porosity, and purity thus making their dielectric properties departing from the picture of a pure perfect crystal and varying sufficiently strongly so that the properties of a device built from them could be drastically affected. For example, grain boundaries in polycrystalline Au NPs have been shown to induce an increase in ε 2 for the metal and thus increased nonradiative losses in Au nanoantennas [41] . The broad dispersion of data found in the literature for Au grown by several routes has been underlined in a recent article [40] . In this work [40] , SE measurements have been performed using modern setups in a wide spectral range (wavelengths from 300 nm to 25 μm) on Au single crystals and evaporated films with a rough and a flat surface, and the pseudo-dielectric function of the materials (i.e., assuming that they behave as a bulk including the roughness layer) have been extracted. It has been concluded that the broad dispersion of previously reported data may arise mainly from errors in the measurements. Besides, the effect of template stripping on the SE-determined pseudo-dielectric function of Ag thin films deposited by thermal evaporation has been demonstrated [42] , showing a decrease in the pseudo-ε 2 in the visible range when surface roughness decreases as a consequence of stripping. To be reported is also a very recent article, devoted to Al, which is particularly interesting for plasmonic applications in the UV due to its low ε 2 values in this spectral range. In this work [43] , SE measurements have been performed in a modified Otto configuration in the near UV-to-near IR range on Al single crystals and on thin films grown by several different techniques (evaporation, sputtering, MBE…). The extracted dielectric function of the Al material has been shown to depend strongly on the fabrication route used. An even more drastic effect of the fabrication conditions may occur in the case of complex building block materials for plasmonics, such as metal-based nitrides, whose dielectric function depends strongly on their composition. Such compounds have been studied earlier by SE under the form of thin films [44] [45] [46] [47] [48] [49] [50] , and recently, those displaying a Drude-like behavior have been shown to be of interest for plasmonic applications in the visible and near IR [51, 52] . Note that in these recent works [51, 52] , the thin films were elaborated by pulsed laser deposition using conditions chosen to minimize optical losses detrimental to plasmonic applications (dense, homogeneous films with smooth surface). An extensive review about the plasmonic potential of metal-based nitrides and a wider range of materials has been reported by Naik et al. [8] .
Transparent conducting oxides for active plasmonics
Early interest has been devoted to transparent conducting oxides for thin-film transparent electrode applications [53] [54] [55] [56] [57] [58] [59] . Relevant electrical conductivity can be achieved in oxides (for instance ZnO, In 2 O 3 , SnO 2 ) upon impurity doping. The doping-induced dielectric properties have been investigated by SE in the near UV-to-near IR range in textured, nano/microcrystalline oxide thin films as a function of the dopant concentration and nano/microstructure [56] [57] [58] [59] . It has been shown that the materials' optical band gap absorption threshold red-shifts upon doping, whereas the Drude contribution to the dielectric function becomes more and more sizeable in the near IR as a consequence of the free-charge carrier concentration increase. "Optical" free-charge carrier concentration and mobility have been extracted from the Drude contribution, using carrier effective mass values derived from electrical Hall measurements [57] [58] [59] . In contrast with electrical Hall measurements, SE on the nano/microcrystalline oxides gives access to the in-grain carrier mobility. More recently, and as a consequence of their marked dopant concentration-dependent Drude behavior, transparent conducting oxides have been identified by means of SE measurements as promising tunable compounds for plasmonics [8, 60] . Near-IR plasmonic properties can be achieved with a sufficient doping-induced free-charge carrier concentration, the decrease in which allows driving the range of the plasmonic response further in the IR. For instance, a mid-IR plasmonic behavior has been reported for intrinsic ZnO films using an ellipsometer in the Kretschmann configuration [61] . In fact, the possibility of tuning the plasmonic response of transparent conducting oxides through their free-charge carrier concentration have made them powerful building blocks for the realization of active electrochromic plasmonic nanostructured materials [62] .
Plasmonic effects beyond Drude electrons: the case of bismuth
Generally, following the well-known picture established for Au and Ag and many other plasmonic building block materials, plasmonic effects are caused by the excitation of Drude-like electrons, with increased losses (in addition to the intrinsic loss of the Drude function) in the spectral range where interband transitions occur. Nevertheless, the observation of plasmonic-like effects (i.e., that mimic some effects encountered with more or less lossy plasmonic metals) has been shown recently to be possible in a wider range of cases, for instance by hole injection in semiconductor NPs [63, 64] , or even in the absence of free carriers. Indeed, as explained by Zhu et al. [65] and highlighted by Naik et al. [8] , negative ε 1 values can be obtained at the spectral vicinity of a peaked loss band in the ε 2 spectrum. Such a behavior may be at the origin of the (lossy) LSPR-like behavior of Bi NPs that has been observed experimentally in the near UV-visible range and reproduced by simulations [66] . Bi is a low-cost semi-metal with peculiar properties, such as an extremely low bulk free carrier density with a mean free path in the micrometer range at low temperature, a semi-metal to semiconductor transition in nanostructures of several tens of nanometers, a high density of surface state-induced free charge carriers in ultrathin films, and a good but unexploited potential for thermo-optical applications due to its relatively low melting point (∼270°C). Despite these properties, the optical response of Bi NPs remains largely unknown and has to be explored. In view of the extremely low free-charge carrier density, it would be very unlikely that the presence of the LSPR-like bands observed in the near UV-visible spectra of Bi NPs [66] had a Drude origin. Instead, it is worth noting that the dielectric function of pulsed laser deposition-grown Bi thin films obtained from UV-visible-near IR SE measurements show (in agreement with earlier studies) the presence of an intense interband loss peaking in the near-IR region of the ε 2 spectrum [66] . This dielectric function was extracted by direct inversion (pseudo-dielectric function) of the ellipsometric spectra of a smooth film whose thickness was larger than the optical skin depth. Deconstruction of the obtained complex dielectric function on the basis of phenomenological Kramers-Krönig-consistent Tauc-Lorentz oscillators, as shown in Figure 3 , supports the fact that the negative ε 1 values observed in the visible may be linked with the strong near-IR loss band in virtue of the causality principle. Let us remark that the trends of this Bi dielectric function is comparable to that of Ag or Au in the visible range, however, with higher ε 2 values. In the near IR, in contrast with noble metals, ε 1 takes positive values for Bi thus confirming its non-Drude behavior in this spectral region. Similar features are observed in the dielectric responses of semiconductors such as Si, Ge, GaN, or SiC [67] [68] [69] [70] . Besides, the free carrier-induced plasmonic A B Figure 3 Deconstructing the dielectric function of solid Bi in the near UV-to-near IR range. Spectra of the imaginary part ε 2 (A) and real part ε 1 (B) of the dielectric function of solid Bi (thin film grown by pulsed laser deposition, data taken from [66] -black lines) and real and imaginary part of its Kramers-Krönig-consistent Tauc-Lorentz components (TL1, TL2, TL3, TL4). The spectra are dominated by TL1 that accounts for the strong loss band peaking around 1700 nm (ε 2 spectrum) and the negative ε 1 values in the near UV-to-near IR. The dielectric function of Au taken from the Palik database is also shown (gray lines).
behavior of Bi is expected in the far IR to THz region [19] , due to its extremely low carrier density.
Temperature-dependence, phase transitions for active plasmonics
SE has been performed in situ for evaluating the dielectric function of metals or metallic compounds as a function of temperature, below and above their melting point [39, 49, [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] . It has been used early to measure, in the near UV-to-near IR spectral range, the dielectric function of the liquid phase of metals with a low melting point, such as Na, Sn, Hg [71] , and later that of Ga in its solid [72] and liquid [72, 73] state, that of Bi in its solid [66] and liquid [73, 74] state. Ref. [73] reviews earlier works about the optical response of Bi and Ga and reports measurements on the liquid phase as a function of temperature. Ref.
[74] reviews earlier works and provides new data about the optical properties of solid and liquid Pb. From these works, it comes that the material's dielectric function changes at the phase transition, with a marked decrease of the interband contributions [72, 74] , as exemplified in Figure 4A for Bi. Thanks to the optical contrast between the solid and liquid phase, 1D Ga gratings with switchable (SPP) plasmonic properties in the visible have been obtained [72] . Optically monitored temperature sensing based on reversible melting-solidification of Bi NPs embedded in an inert matrix has been reported in the visible [75] . Further improvement of the optical contrast in such Bi NP-based films can be achieved upon tuning their thickness, composition, and nanostructure. For instance, Figure 4B shows a strong optical contrast in the visible range (relative change up to 37% at 620 nm) between the simulated transmittance spectra of a nanocomposite film consisting of liquid NPs embedded in a high-index transparent matrix and that of the same film containing solid NPs. The observed contrast is due to a strong difference (more than 200 nm) between the spectral positions of the extinction bands observed in the case of solid and liquid Bi NPs. The in-plane effective dielectric properties of the film have been calculated using the extended Maxwell-Garnett effective medium model, assuming that the NPs are oblate spheroids with their revolution axis perpendicular to the film surface, with a height-to-diameter ratio H/D of ∼0.46 and present a low volume fraction f = 5%. The dielectric functions used for the solid and liquid NPs were those of the corresponding bulk materials shown in Figure 4A . The observed contrast is mainly due to the different absorption spectra of the liquid and solid NPs (the film reflectance is weakly dependent on the dielectric function of the NPs), as proved by the absorbance spectra displayed in Figure 4C . Also, as the volume fraction is low, the optical contrast can be explained mainly as a single-particle effect, i.e., it is driven in this case by the shape of the NPs, their dielectric function in the solid and liquid state, and that of the matrix. At this point, it is worth noting that relevant differences exist between the dielectric functions of solid and liquid Bi in the visible range, as shown in Figure 4A . Indeed, in the 300 nm to 750 nm range, the ε 2 values of liquid Bi are some tens of % higher than those of solid Bi. Also, above 500 nm, ε 1 of the solid Bi decreases fast as a function of λ 0 , its absolute value being twice that of liquid Bi at 800 nm. The spectra of both ε 1 and ε 2 affect the resonance condition of the NPs: therefore, liquid and solid Bi NPs are expected to present resonances at different wavelengths. However, in contrast with Ag or Au that present low and almost wavelength-independent ε 2 values in the visible range, no simple condition can be derived for the resonance wavelength of the Bi NPs. Therefore, the optical contrast between the nanocomposite with liquid Bi and that with solid Bi is a nontrivial function of the NP shape, of their dielectric functions and of that of the matrix. Discussing this relation shall be the subject of further works, beyond the scope of this review. SE-based works have also been devoted to the wetting transitions at the surface of Ga-Bi alloys [73, 76] , to surface freezing in Ga-based alloys [77] , and to wetting and prewetting transitions at the metal-rich K-KCl melt-sapphire interface [78, 79] . SE measurements at higher temperatures (up to 1350°C) have also been performed from the visible to the far IR on molten metals [80] [81] [82] [83] [84] . Much attention has also been devoted to the SE characterization of the dielectric function of vanadium oxides, VO 2 [85] [86] [87] [88] and V 2 O 3 [88, 89] , from the near UV to the far IR and at different temperatures, in order get insights into the parameters driving their insulator-to-metal transition occurring at moderate temperature. In the case of VO 2 especially, this transition induces a marked change in the dielectric function in the IR (ε 1 turns from positive to negative) that has attracted interest for plasmonic applications. Indeed, due to the change in sign for ε 1 in the IR, suitably designed VO 2 NSs have been observed to turn (with a very fast time response) from nonplasmonic to plasmonic in this spectral range [90, 91] , VO 2 being thus an interesting building block material for active plasmonics. This property has been used to propose improved designs for VO 2 -based smart windows, standing on the optical absorption by localized surface plasmon resonances in VO 2 NPs above the transition temperature [92] . VO 2 can also be used as an active matrix for switching the response of plasmonic NSs of other nature [93] .
SE has also been of great help for the determination of the dielectric properties of the different phases (amorphous, crystalline, liquid) of many phase-change compounds (under the form of bulk or thin films) in the visible-near IR range for data storage applications [94] [95] [96] [97] [98] . For many of them, one phase displays negative values for ε 1 and the other phase, positive values. As it is the case for Bi (as discussed above), the negative ε 1 values have a non-Drude origin [94] ; also, NSs presenting such ε 1 values, together with those reported for ε 2 , may induce damped LSPR-like resonances in the visible range.
Ultrathin films
When the thickness of a film is decreased to a few nm (the ultrathin film limit), its dielectric function may be thickness dependent. SE has been shown early to be sensitive to the presence of ultrathin films on a substrate [99, 100] . As shown in Figure 2C , the Δ spectrum is strongly affected when an ultrathin overlayer is grown. The thickness dependence of the dielectric properties of ultrathin films may have several different origins such as confinementinduced effects in smooth films [5, 101] or a discontinuous nanostructure of the film. The latter effect is frequently encountered in the first stages of Volmer Weber-like growth where isolated NPs first grow on the substrate until percolation is reached and a continuous film finally forms. SE allows to monitor in situ the different stages of discontinuous growth [6, [102] [103] [104] [105] , and permits to evidence the percolation threshold [6, 104, 105] . Near UV-to-near IR SE has been used to characterize in situ the temperature-dependent response of Ag NPs grown on a substrate [106] , and recent in situ near UV-to-near IR SE studies on supported Ga or Ga-Mg NPs are to be highlighted [107] [108] [109] [110] [111] due to the potential of these materials for active plasmonics. It is worth noting here that SE measures the effective properties of a macroscopic area of the discontinuous film. Conversion of this effective data into information about the nanostructure of the film, or the dielectric properties of individual NPs requires modeling, for instance, in the framework of effective medium theories. Using simple effective medium models such as that of Bruggeman has allowed to get precise nanostructural information, for instance, in the context of nanoscale surface roughness evaluation [112] : in this case, surface roughness is usually considered as an ultrathin granular film on top of a homogeneous material. Nevertheless, in many cases, more complex models or even full numerical approaches have to be used [6, 26] . As it will be detailed in the next section, the use of appropriate modeling is mandatory for an accurate quantification confinement-induced effects in NSs from macroscopic SE measurements.
Small-size effects in nanostructures
The dielectric properties (described by their dielectric function ε NS , or tensor [ε NS ]) of NSs often differ from those of the corresponding bulk material, due to classical or quantum effects. Early and recent works have aimed at the observation of the so-called small-size effects from macroscopic measurements on statistical assemblies of NSs, deposited on a substrate or embedded in a protective matrix. The measured quantity is typically the effective response of a nanocomposite medium (air:NSs/substrate, NSs:matrix) given by ε eff (or [ε eff ]) [113] , which is affected by ε NS (or [ε NS ]), by the shape, organization of the NSs, and the nature of the substrate or surrounding matrix [113, 114] . Therefore, as explained below, the accurate determination of ε NS from ε eff requires appropriate modeling, together with the fabrication of model materials with a well-characterized nanostructure.
Confinement in semiconductor nanoparticles: the case of silicon
Besides the strongly desired indirect-to-direct bandgap transition for c-Si as a consequence of quantum confinement in NPs a few nm in size, theoretical works have predicted a decrease in the static dielectric function of c-Si, in relation with the expected size-induced widening of the band gap and a lower polarizability due to surface effects. Experimental efforts have thus been made in order to determine, by optical means, the dielectric function ε NS of Si NPs, especially in the spectral range of their band gap absorption that is of importance for photovoltaic or photoluminescence sensitization applications. Owing to their extremely small size, the dielectric response of such Si NPs can, however, hardly be studied on a single particle. Instead, optical measurements using macroscopic probes have been performed on nanocomposite materials consisting of statistical amounts of Si NPs deposited on a substrate or embedded in transparent matrix. In order to study the dependence of ε NS on the NP size, nanocomposite materials containing c-Si or a-Si NPs with a controlled average size were fabricated and their effective dielectric function ε eff measured by near UV-to-near IR SE. Then, ε NS was extracted using effective medium models [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] .
The volume fraction f and average size of the NPs reported in these works span over a wide range (from 1% to 40% with strongly different organizations of the NPs within the matrix, and from 1.5 nm to 10 nm, respectively), as well as the values of ε NS . Keita et al. [129] gathered some of the data given in these works, and observed that, although the features related with optical transitions (for instance critical points) can be damped or shifted with respect to the bulk, no general and explicit size dependence for ε NS could be deduced. As possible explanation to this absence of correlation, they underlined a weak point of the effective medium models used to extract ε NS , i.e., they neglect the NP size distribution, which is in fact significant in most of the previously published works. They therefore proposed an effective medium model that takes size distributions into account [129, 130] and showed the drastic effects of even a moderate polydispersity on the effective optical band-gap absorption. Inhomogeneous broadening leads to a loss of information, thus, meaning that almost monodisperse assemblies of particles must be grown [131] in order to study the correlation between ε NS and the NPs size. Also, effective medium modeling in the reported works [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] was done mainly using the basic monodisperse MaxwellGarnett or Bruggeman theories (which are extremely crude models, rigorously adequate only in some cases involving 3D assemblies of NPs) irrespectively of the organization and volume fraction of the NPs. Owing to the very different features of these two theories and their simplicity, the examination of their suitability to the accurate description of the nanocomposite materials under study might be an important issue. functions calculated using both theories for spherical Si NPs embedded in a transparent matrix with a volume fraction f = 20% and indeed shows that a relevantly different effective response is obtained using the two models. Such a difference is observed whether the intrinsic response of the NPs is described using the bulk dielectric function of Si ( Figure 5B and C) or a damped dielectric function qualitatively comparable to those found in the literature for Si NPs a few nm in size ( Figure 5D and E). The MaxwellGarnett effective medium model is based on calculations of the local electrostatic field at a given NP in the Lorentz sphere approximation. This NP is located at the center of the Lorentz sphere, which is made of the matrix material (dielectric function ε m ) and is surrounded by the effective material (dielectric function ε eff ). Therefore, this model is a good approximation in cases where the interaction between neighbor NPs does not need to be described using exact calculations of their scattered fields, i.e., for instance when these fields are very weak. In contrast, the Bruggeman effective medium model assumes that two types of inclusions, one with the dielectric function of the Si NPs (ε NS ) and the others with the dielectric function of the matrix (ε m ), are embedded in the effective medium (ε eff ). This model is therefore more appropriate when the NPs and the matrix can be treated in a symmetric manner. From these qualitative considerations, it seems that the response of dilute assemblies of Si NPs a few nm in size, whose near field is very weak, might be better described using the Maxwell-Garnett model. Further quantitative work is required in order to discuss this point and to determine in which conditions (on f, ε m , ε NS ) each of these models can be used legitimately as far as Si NPs are concerned and when other models should be employed. In addition, the real NP shape and organization (described more accurately than by a volume fraction) might have to be taken into account in some cases. Also, the local environment of the NPs may play a role on their size-dependent response. Therefore, it may be that some work remains to be done in order to determine in an accurate manner the size dependence of the dielectric response of Si NPs and, more generally, that of semiconductor NSs.
Small-size effects in metal nanoparticles
Small-size effects in metal NPs have long been studied theoretically and experimentally [131] , especially for noble metals. Although the main trends governing the size dependence of the optical response of Au and Ag have been much debated, obtaining more accurate experimental data from studies on model materials [132, 133] is still desirable. In principle, size effects in metal NPs are observed through the evolution of the position and width of their LSPR(s). Such evolution may be linked with effects involving directly the conduction electrons (such as surface scattering, chemical interface damping [131, 133] ) or through their interaction with other excitations affected by small-size effects. Indeed, small-size effects on the interband transitions have also been evidenced [134] [135] [136] . LSPR(s), may be less appropriate away from this region, as shown in Figure 6 . Determining ε NS in a broader spectral range may therefore require to make assumptions on its spectral evolution or to tune the material structure in order to make its influence on the effective response stronger. Another possible way to be followed consists in tuning the NP environment (without altering their interface, size, shape, and avoiding electrical contact between them) in order to make the resonance(s) shift.
Metamaterials
During the last decade, an increasing interest has been devoted to metamaterials engineering, aiming at exciting properties, such as light trapping [137] , tunable birefringence or dichroism [138] , effective optical magnetism or chirality, and negative refraction from the IR range to the visible [139] . SE has proved to be an interesting tool for the investigation of the electromagnetic properties of these materials.
2D assemblies of nanoparticles
Standard SE in the near UV-to-near IR range has been used to determine the effective dielectric response of 2D assemblies of Ag NPs embedded in a dielectric matrix (as schematized in Figure 7A ) with polydisperse ellipsoidal shapes [137, 140] and an isotropic in-plane organization, which can be included in vertical photonic structures for highly efficient light harvesting. Standard near UV-tonear IR SE measurements on 2D assemblies of supported Au nanodisks fabricated by nanolithography have also been reported [141] . As a consequence of the 2D organization and in-plane flattened/elongated shape of the NPs, these systems present a uniaxial dielectric response, with a vertical optical axis. Effective medium modeling based on extensions of the Yamaguchi effective medium theory has shown reasonable agreement with the experimental data [140, 141] . An example of uniaxial anisotropy predicted by the Yamaguchi effective medium theory is shown in Figure 7A , in the case of a 2D in-plane isotropic distribution of oblate Ag NPs with a vertical revolution axis, embedded within a transparent matrix. LSPR modes peaking at distinct wavelengths are excited in the plane (ordinary effective dielectric function ε eff,o ) and perpendicularly to it (extraordinary effective dielectric function ε eff,e ) due, in this case, mainly to the shape anisotropy and specific orientation of the NPs. Uniaxial effective dielectric anisotropy has also been observed in the case of supported 2D assemblies of Au nanodisk/SiO 2 nanodisk/Au nanodisk, together with Fano features related to the interference between waves scattered by the weakly interacting Au nanodisks [142] . In the case of a stronger coupling between disks in the sandwich structures, optical magnetism has been reported [143] . Besides, in-plane and outof-plane effective anisotropies have been tracked by near UV-to-near IR standard SE measured at several azimuths on 1D arrays of aligned Ag NPs deposited on stepped substrates [144, 145] (schematized in Figure 7B ). By means of near UV-to-near IR Mueller matrix-generalized SE measurements, a biaxial effective dielectric tensor has been extracted for 1D arrays of aligned Ag NPs deposited on rippled surfaces [146] , showing in-plane effective plasmonic birefringence and dichroism. Figure 7B shows an example of biaxial anisotropy in a planar assembly of 1D arrays of Ag NPs embedded in a transparent matrix, based on simulations obtained using the biaxial extension of the Yamaguchi effective medium theory. LSPR modes peaking at distinct wavelengths are excited along the x, y (in-plane) and z (vertical) directions, this time as a consequence of the NP organization only (the NPs are spherical).
Slanted nanocolumnar thin films, chevron, and chiral structured thin films
Thin films of slanted nanocolumns (see schematic representation in Figure 8A ) have attracted much interest. A comprehensive review about such systems is given in ref. [7] . The A B C Figure 8 More metamaterials -biaxial anisotropy, optical magnetism, and hyperbolic material. Schematic representation of (A) a thin film consisting of slanted nanocolumns; (B) a 2D assembly of supported U-shaped resonators; (C) a multilayered hyperbolic metamaterial. Their effective counterparts are also depicted, together with the parameters that can be determined from measurements. In (A), these parameters are the orientation of the principal axes of the dielectric tensor, its diagonal components, the film effective thickness. In (B), the effective thickness and the four constitutive tensors (dielectric permittivity [ε eff ], magnetic permeability [μ eff ], chirality [γ eff ], and [ζ eff ]). In (C), the effective ordinary ε eff,o and extraordinary ε eff,e dielectric functions. Typical order-of-magnitude scale bars are also shown: 50 nm for (A), 200 nm for (B). In (B), the principal axes in which the constitutive tensors are expressed are shown. In (C), the multilayer period must be small compared to the wavelength of incoming waves so that effective medium approximation is valid.
normal-incidence optical properties of Ag slanted nanocolumnar films display a strong in-plane dichroism and have been claimed to be equivalent to those of an effective material with a negative real refractive index [147] . Generalized SE has been extensively performed in the near UV-to-near IR (mainly in the framework of Mueller matrix SE) on thin films of slanted nanocolumns. It gives access nondestructively to the film thickness, to the principal coordinate system of the biaxial anisotropic effective material (and thus to the orientation of the nanocolumns), and to the components of the material's (diagonal) effective dielectric tensor in this coordinate system. An orthorhombic symmetry has been evidenced in the case of a-Si:SiO 2 nanocolumns [148] and a monoclinic symmetry in the case of Cr [149] , Ti [150] , Co [151] nanocolumns. Issues about the effective medium modeling of such films have been discussed [152] . Mueller matrixgeneralized SE in the near UV-to-near IR has also proved to be sensitive to the presence of polymers infiltrated into the pores between silicon [153] or permalloy [154] nanocolumns. Infiltration/swelling of the polymer leads to an increase in the tilt angle of the nanocolumns. Mueller matrix-generalized SE together with microbalance nanogravimetry have shown to be adequate for the determination of adsorption isotherms on slanted nanocolumnar TiO 2 thin films [155] .
Mueller matrix-generalized SE measurements of the THz effective dielectric anisotropy on Co-slanted nanocolumnar thin films have also been reported [156] . In addition, near UV-to-near IR Mueller matrix SE measurements have been performed on chevron structured thin films [157] and chiral nanoporous silver thin films [158] .
Fishnet structures, split ring resonators, U-shape resonators, 3D metamaterials, and hyperbolic metamaterials
The angular-dependent optical modes of noble metal-based fishnet metamaterials, designed with the aim of obtaining optical magnetism and negative refraction in the visible or near IR, have been characterized by generalized SE [159] . The possibility of defining effective medium parameters for such complex metamaterials has been discussed [160, 161] , and it has been claimed that the optical magnetism in these structures cannot be dissociated from spatial dispersion (that makes necessary to describe the materials' response in terms of wave parameters instead of effective tensors) [161] . Mueller matrix SE has also been performed on square arrays of holes in Au thin films [162] . The IR plasmonic modes of assemblies of split ring resonators have been studied by standard SE at two azimuthal angles [163] . Arrays of U-shape resonators (see Figure 8B ) displaying resonances in the near IR have been characterized by Mueller matrix SE at three azimuthal angles [164] . From an analysis based on the Berreman formalism and taking into account four characteristic tensors ([ε eff ], [μ eff ], [γ eff ], and [ζ eff ]) for the anisotropic metamaterial, a relatively weak contribution of spatial dispersion (introduced through the addition of tensors elements) was found compared with those of the magnetic and electric resonance modes [164] . Meanwhile, aiming at the fabrication of bulk, isotropic, nondispersive metamaterials presenting effective optical magnetism in the visible, it has been proposed that assembling colloidal plasmonic NPs could be an efficient way to the obtention of optically magnetic isotropic materials. Standard SE has been used for the characterization of plasmonic metamaterials built from colloidal NPs [165, 166] . Besides and finally, the standard SE determination of the dielectric functions of doped InGaAs and intrinsic AlInAs, on the one hand, and ZnO and Al:ZnO, on the other hand, has allowed designing multilayered hyperbolic metamaterials with anisotropic effective properties (see Figure 8C) , showing negative refraction in the mid IR [167] and near IR [168] , respectively.
Extracting nanostructural information from metamaterials using spectroscopic ellipsometry
As underlined in Section 3, a reliable characterization of materials by SE requires to choose the setup and the measurement conditions in correlation with the sample to be analyzed and the parameters to be determined. The measurement accuracy, sensitivity to the different parameters and possible correlation between them are also key aspects to be evaluated. These considerations are also true in the particular case of metamaterials. In addition, a model suitable to a physically correct description of the material must be chosen. When the sample under study can be described in the effective medium approximation (which is not always the case), effective constitutive functions or tensors characteristic of the material can be extracted and give a fingerprint of the material's response. As these functions or tensors reflect the nanostructure of the material, it is tempting to extract nanostructural information from them, beyond the effective thickness value (for instance, the shape, size of NPs, or distance between them). At such aim, an effective medium model must be chosen in correlation with the sample, among those cited before (MaxwellGarnett, Bruggeman, Yamaguchi, and their extensions) or the many others [6, 26] that are suitable to a wide range of cases. In the case where no adequate effective medium model would exist, could be developed, or would the material under study not fulfill the conditions of effective medium approximation, full numerical approaches can be used, however, at a higher computing cost.
Metamaterial-based detectors with phase sensitivity
Owing to its capability for retrieving amplitude and phase information for the radiation interacting with a material (through the ellipsometric angles Ψ and Δ, respectively), SE has proven early to be an excellent candidate for sensing applications [169, 170] . The sensing processes are based on the variation of the effective dielectric properties of the material as a function of an external parameter (concentration of a gas, of a chemical agent, temperature, etc.). Recently, monitoring of the SE phase information has shown strong potential for improving the sensitivity of surface plasmon-based refractive index probing and label-free single-molecule detection [171] [172] [173] [174] . An important property sustaining this accuracy improvement is topological optical darkness [174] , which can be achieved in plasmonic metamaterials. Provided the material structure is adequate, excitation conditions (wavelength, angle) can be found so that Ψ cancels due to a plasmon excitation, and an abrupt change in Δ is observed around the zero Ψ wavelength. This effect has been initially underlined in arrays of Ag NPs displaying collective plasmon resonance modes [173, 174] and more recently on 3D metamaterials assembled from core-shell Ag-SiO 2 NPs [175] . Achieving such an effect in a wider range of plasmonic metamaterials, either in terms of structure or chemical nature, might provide solutions for improving many other sensing applications.
Conclusions and outlook
At the present time, the SE technique allows to get effective information about the electromagnetic response in a broad spectral range (from the VUV to the THz) of materials ranging from the simplest case of isotropic homogeneous semi-infinite media to the more complex anisotropic 2D metamaterials. Based on adequate modeling, this information can be converted into knowledge about the material's nanostructure or electronic properties. It is a nondestructive, noncontact technique that can be implemented in situ. Owing to the availability of compact and automatized SE setups, it is a candidate of choice for the control and the optimization of industrial processes in real-time, as well as for in-lab characterization. It is also ideal for advanced sensing applications, as combining the phase information provided by SE with metamaterials engineering is an important issue for the development of highly accurate detectors.
In the present context of development of always more finely tailored materials, the interest in SE may therefore keep on increasing. This trend may be even more reinforced by the development of still better systems and computing tools for data acquisition and treatment. Based on these developments, accurate characterization of structured surfaces based on the combination of Mueller matrix SE [176, 177] , with scatterometry [178] , scattero metry SE [179] , other nondestructive/noncontact characterization techniques [180] , and numerical calculations [181] is to be foreseen.
However, despite of the rich and still improving capabilities of characterization tools and the existing data analysis software, the user plays a central role either when choosing the measurement conditions or when realizing the essential fitting-based analysis of the recorded data. Indeed, modeling is a central task for obtaining reliable information about the studied material. Therefore, successful use of SE requires the user's expertise to be commensurate with the complexity of the problem to be solved.
